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The axisymmetric electrohydrodynamic deformation of an elastic capsule with capacitive membrane
obeying Skalak law under uniform AC electric field is investigated using analytical and boundary inte-
gral theory. The low capillary number (the ratio of destabilizing shear or electric force to the stabilizing
elastic force) regime shows time-averaged prolate and oblate spheroid deformations, and the time-
periodic prolate-sphere, oblate-sphere breathing modes are commensurate with the time averaged-
deformation. A novel prolate-oblate breathing mode is observed due to an interplay of finite mem-
brane charging time and the field reversal of the AC field. The study, when extended to high capillary
number, shows new breathing modes of cylinder-prolate, cylinder-oblate, and biconcave-prolate de-
formation. These are the results of highly compressive normal Maxwell stress at the poles and are
aided by weak compressive equatorial stress, characteristic of a capacitive membrane. The findings of
this work should form the basis for the understanding of more complex biological cells and synthetic
capsules for industrial applications.
I. Introduction
Elastic capsules and vesicles consist of a thin mem-
brane separating the inner and outer fluids and have
been commonly used as bio-mimetic systems to under-
stand the mechanics of biological cells [19, 20], which
are much more complex. Elastic capsules form good
models for cells such as red blood cells. Moreover, they
are used in technological applications such as microreac-
tors [60] and diagnostics applications [57, 59]. There-
fore, exploring the mechanical and rheological behav-
ior of an elastic capsule is an important topic of re-
search [6, 31, 50].
Vesicles consist of a lipid bilayer membrane which re-
sists deformation by bending stress [32, 61]. The lipid
bilayers are characterized by negligible shear elasticity
but are area conserving [21, 46], which leads to the
generation of a non-uniform but isotropic tension in the
membrane corresponding to the imposed stresses. The
membrane in elastic capsules, on the other hand, is made
up of a crosslinked network of proteins (as in red blood
cells) or other surface active molecules. Elastic capsules
have a finite shear elasticity and they resist deformation
by in-plane shear and dilatational stresses, these are re-
lated to the in-plane shear and dilatational strains [5].
The elasticity (shear and dilatation) can generate non-
uniform, anisotropic tensions in the membrane. There
are other differences between a capsule and a vesicle,
for example, while an area preserving spherical vesicle
cannot deform, a spherical elastic capsule with a com-
pressible membrane can admit deformations.
The electrohydrodynamics of vesicles have been fairly
well investigated in the last few decades in the context
of cell electroporation [9, 52], electrofusion as well as
cell dielectrophoresis [37, 39, 44] and electrodeforma-
tion [26, 27, 34–36, 54]. The electric field models too,
for a vesicle, have evolved over the years. While Hel-
frich modeled the electrostatics of a vesicle subjected
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to an electric field by assuming a dielectric drop sus-
pended in a conducting fluid [21, 28], there have been
attempts to model it as a leaky dielectric drop in a leaky
dielectric fluid [58]. Recently a more realistic capaci-
tor model for electrostatics [12, 27, 47, 48, 54] have
been introduced. The capacitor model for electrostat-
ics assumes the vesicle to be made up of an infinitesi-
mally thin dielectric layer characterized by a membrane
capacitance and conductance enclosing a leaky dielec-
tric fluid and embedded in another leaky dielectric fluid.
Several timescales can then be identified apart from the
hydrodynamic timescale. These associated timescales
are the charge relaxation timescale of the outer fluid,
the time required for the two fluids to behave like leaky
dielectrics, namely the Maxwell-Wagner relaxation time
and the membrane charging time [34].
AC fields are typically preferred in operations such as
electro-deformation and dielectrophoresis involving vesi-
cles and cells. An advantage of AC fields, apart from
preventing electrolysis of the solution, is the control of
trans-membrane potential in such cells and vesicles [17],
thereby preventing electroporation [33] and enabling
systematic investigations. Experiments and analytical
theories on electrohydrodynamics of vesicles in the low
electric field limit show that the variation of deformation
with frequency sensitively depends upon the conductiv-
ity ratio of the internal and external fluid media [38, 56].
This dependence is due to an interplay of the different
electric timescales and the applied frequency. For more
conducting inner medium, prolate spheroids and spheri-
cal steady shapes are observed, while in the case of more
conducting outer medium, spherical, oblate and prolate
spheroidal shapes are observed. At high electric fields,
experimental investigations [14, 43] showed squaring
of a vesicle in a DC field which was reaffirmed and ex-
plained by a few 2-D [34, 35] and 3-D [26, 27, 54] com-
putational analyses. Further studies showed that unlike
DC fields, a vesicle subjected to high AC electric field
showed deformation modes such as breathing and oscil-
lating [36].
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2Theoretical analyses of capsule [1, 3, 4, 16, 18, 25,
51, 55] in the limit of small deformation, indicate a
linear relationship between the extent of deformation
and the capillary number. In this limit, other aspects of
capsule deformation such as orientation, tank-treading
motion, and rheology of dilute suspension have also
been reported. Several computational analyses of a cap-
sule in external fluid flow in the large deformation limit
present the dependence of the deformation on the differ-
ent membrane constitutive laws [2, 30] and their break
up (of a capsule with strain softening membrane) beyond
a critical capillary number [2, 7, 11, 13, 41]
Relatively few studies have been reported on the de-
formation of elastic capsules under DC [18] and AC [51]
electric fields. These studies were restricted to small de-
formation limit. A strong influence of the applied electric
field on the deformation of the capsule was reported in
the experimental, theoretical and computational analy-
sis of a conducting capsule enclosing a conducting fluid
and suspended in a dielectric fluid medium [24]. More-
over, this analysis suggests the usability of the electrohy-
drodynamics to determine the linear and nonlinear elas-
tic properties of a capsule. A comprehensive analysis of
the deformation of an elastic capsule with a dielectric
membrane in DC electric field is reported in our earlier
work [10] which shows several complex modes of defor-
mation, such as biconcave and hexagonal shapes. These
new modes of deformation are not observed in the de-
formation of vesicles in DC electric field [26, 27, 36, 54].
In this analysis, we investigate the deformation of an
elastic capsule in strong AC electric field, wherein an in-
teraction between the electric stress and restoring elas-
tic forces could lead to results different than those ob-
tained for vesicles. Also, the phase diagrams are con-
structed for deformation of a spherical elastic capsule
in low (using both the boundary integral calculation
and analytical theory) and high (using boundary inte-
gral method) capillary numbers in AC electric field and
attempts are made to understand the underlying physics.
The capacitor model is used for modeling the electrostat-
ics [22, 26, 27, 34–36, 54] while the capsule is modeled
as a strain hardening Skalak membrane [49]. The de-
formation of an object in AC field has time-averaged and
time-periodic parts, and their dependence on frequency
could be significantly different. The physics of both these
kinds of deformation are analyzed in this work.
II. Problem description
A spherical capsule is placed in an applied uniform AC
electric field in which the direction of the applied field
is parallel to the axis of symmetry, the y-axis (shown
in fig. 1). The AC electric field is defined by E˜∞AC =
E˜0 cos(ω˜t˜)ey, where E˜0, and ω˜ are the intensity and fre-
quency of the applied electric field, respectively and t˜ is
the time.
Both the inner and outer fluid media are Newtonian
with the outer fluid viscosity µ and inner fluid viscos-
ity λµ, where λ is the viscosity ratio. Conductivity and
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FIG. 1: Schematic representation of an axisymmetrically
deformed elastic capsule. The electric field is applied
parallel to the y-axis. Ts and Tφ are meridional and
azimuthal membrane tensions, respectively.
dielectric constant of the fluid media are σi,e and i,e, re-
spectively. In this work, subscripts i and e stand for inner
and outer fluid media, respectively. Electrical properties
used in the computations are described as ratios with re-
spect to the outer fluid media: σr = σi/σe and r = i/e.
The membrane is considered to be purely elastic with
elastic modulus Es and it provides resistance to bending
deformation proportional to the bending rigidity κb. The
membrane electrical properties are capacitance Cm and
conductance Gm.
The charge relaxation time of the external fluid,
e0/σe, where 0 is the permittivity of the free space,
is considered as the scaling parameter for time and the
velocity of the fluid is scaled by Es/µe. Frequency of the
applied electric field is scaled by σe/e0, the inverse of
the parameter used for scaling of time. The intensity of
the electric field (E˜), potential (φ˜), and stress are scaled
by E0, E0a, and Es/a, respectively, where a is the ra-
dius of the capsule. All the variables with and without
(˜) represent dimensional and scaled quantities, respec-
tively. In this analysis, the magnitude of the destabilizing
force due to the electric field is expressed relative to the
stabilizing elastic force by the nondimensional capillary
number, Ca = ae0E20/Es.
For the simplicity of the calculations, a very thin (as-
sumed to be two dimensional) membrane is considered
to be impermeable to both the fluids, thereby keeping
the volume of the capsule constant. The effect of the
bending rigidity is considered to be important as it pre-
vents the formation of sharp corners as well as helps in
computation by averting numerical instabilities [15].
The resultant of the hydrodynamic force and non-
hydrodynamic forces due to electric Maxwell stress, elas-
tic force, and force because of resistance to bending
cause a change in the shape of a capsule. Stokes equa-
3tions are considered as the model equations to study the
capsule hydrodynamics [40, 42], electric stresses are cal-
culated by solving Laplace’s equation along with normal
electric current continuity [26, 27, 34–36]. Membrane
elastic forces are determined from the well known Skalak
law for the strain hardening membrane [49]. Bending
force is a function of up to fourth order derivative of the
position of the interface, and it is calculated using the
spectral method [29].
III. Problem formulation
The deformation of a capsule in an AC field is stud-
ied analytically using the small deformation theory as
well as numerically, using axisymmetric boundary inte-
gral method to understand large deformations.
A. Boundary integral formulation
The elastic force, electric force, the force due to bend-
ing and the hydrodynamic forces are discussed in detail
in the following sections.
1. Membrane elasticity
Nonlinear response of a 2D membrane to deforma-
tion is modeled by different membrane constitutive laws,
namely Generalized Hooke’s law, Skalak law, Mooney-
Rivlin law, Evan-Skalak law etc., and can be broadly cat-
egorized into strain hardening membrane models and
strain softening membrane models. In this analysis, the
deformation of a capsule is investigated using the Skalak
model which exhibits a strain hardening behavior. Ac-
cording to the Skalak law [49], the tension in the prin-
cipal direction i (the other principal direction being j),
can be obtained, in terms of principal extension ratios,
λi,j , as
TSKi = G
SK 1
λiλj
[
λ2i (λ
2
i − 1) + C(λiλj)2{(λiλj)2 − 1}
]
,
(1)
where C is the area dilatation parameter for Skalak
membrane, larger the value of C, stiffer is the mem-
brane. In this analysis, C = 1 is considered. The first
term, on the right-hand side of eq. (1), is correspond-
ing to the shear deformation with the shear modulus
GSK = Es(1 + C)/2(1 + 2C) and the second term ac-
counts for the area dilatation with the dilatation modu-
lus CGSK . Membrane tension in the principal direction
j can be obtained by interchanging indices. In our analy-
sis, principal directions i and j correspond to the merid-
ional and azimuthal directions, respectively and the cor-
responding tensions (force/length) are considered to be
Ts and Tφ. These tensions contribute to the normal and
tangential elastic tractions (force/area) as
feln = −(KsTs +KφTφ) (2)
felt =
dTs
ds
+
1
r
dr
ds
(Ts − Tφ), (3)
such that overall elastic traction acting at the interface is
fel = feln n + f
el
t t, where n and t are the outward nor-
mal and clockwise tangent vectors, respectively. The arc
length in the meridional plane, s, is measured from the
north pole to the south. The principal curvatures are de-
fined as
Ks =
∣∣∣∣dtds
∣∣∣∣ Kφ = nrr , (4)
and the components of the unit tangent and the unit nor-
mal in r and y directions are calculated as
tr = −ny = dr
ds
ty = nr =
dy
ds
. (5)
2. Bending resistance
Although the bending resistance of a capsule with a
very thin elastic membrane is small compared to the elas-
tic stresses, it can contribute significantly, especially in
regions of high curvature and is also known to prevent
numerical elastic instabilities [15] (arising from the large
compressive stresses).
The dimensionless traction due to bending is given by
f b = κˆb
[
2∆sH + 4H(H
2 −KG)
]
n, (6)
where, H and KG are mean curvature and Gaussian cur-
vature, respectively,
H =
1
2
(ks + kφ) and, KG = kskφ. (7)
Nondimensional bending rigidity, κˆb = κb/a2Es, is the
bending rigidity modulus relative to the elastic modulus.
Laplace Beltrami of the mean curvature in cylindrical co-
ordinate system is defined as
∆sH = ∇s · (∇sH) = 1
r | Xs |
∂
∂s
(
r
| Xs |
∂H
∂s
)
, (8)
where | Xs |=
√(
∂r
∂s
)2
+
(
∂y
∂s
)2
[23]. The spectral
method is used to calculate higher order derivatives
for the calculation of Laplace Beltrami of mean curva-
ture [53].
3. Electrostatics
In an externally applied electric field E0 cos(ωt), in the
absence of any interacting particle, the potential is given
by φ∞ = −y cosωt. The internal and the external poten-
tial of the capsule satisfy Laplace equation, ∇2φi,e = 0,
where φi and φe are internal and external potentials. Us-
ing Green’s theorem, the solution of the Laplace equation
can be obtained in integral forms as [34–36]
41
2
φi(x0) =
∫
s
[
GE(x,x0)∇φi(x) · n(x)− φi(x)n(x) · ∇GE(x,x0)
]
dS(x), (9)
1
2
φe(x0) = φ
∞(x0)−
∫
s
[
GE(x,x0)∇φe(x) · n(x)− φe(x)n(x) · ∇GE(x,x0)
]
dS(x), (10)
where GE(x0,x) = 14pi|xˆ| is the Green’s function for the
Laplace’s equation in three-dimensional free space. Here,
dS(x) is the differential surface area, x0 and x are the
source point (singular point) and the load point, respec-
tively and xˆ = x − x0. Transmembrane potential is de-
fined as the discontinuity of potential across the inter-
face, given by
φm = φi − φe. (11)
Electrical current continuity across the interface is
σrEn,i + r
dEn,i
dt
= En,e +
dEn,e
dt
= Cˆm
dφm
dt
+ Gˆmφm
(12)
where Cˆm = aCm/e0 and Gˆm = aGm/σe are the di-
mensionless capacitance and conductance of the mem-
brane of the capsule, respectively. Solving eqs. (9)
and (10) with the definition of transmembrane potential
(eq. (11)) and current continuity (eq. (12)), the trans-
membrane potential and the internal and external nor-
mal and tangential electric fields (defined as −∂φ/∂s)
can be calculated.
The traction associated with the Maxwell electric stress
acting at the interface is f˜E = (T˜Ee −T˜Ei )·n = τ˜En n+τ˜Et t,
where the stress tensor T˜E = 0
(
E˜E˜− 12 E˜2I
)
, I is the
identity tensor. The components of the electric stress in
dimensionless form are obtained as
τEn =
1
2
[
(E2n,e − E2t,e)− r(E2n,i − E2t,i)
]
, (13)
τEt = En,eEt,e − rEn,iEt,i, (14)
and the components of the electric traction can be ob-
tained as
fEy = τ
E
t ty + τ
E
n ny and f
E
r = τ
E
t tr + τ
E
n nr. (15)
4. Hydrodynamics
The typical size of capsules used in applications is
∼ 100µm indicating that hydrodynamics can be de-
scribed as a low Reynolds number phenomena. There-
fore, considering Stokes equations to describe the hy-
drodynamics, Green’s theorem can be used to obtain a
boundary integral equation given by
u(x0) = − 1
1 + λ
1
4pi
∫
s
∆f(x) ·G(x,x0)dS(x) + 1
4pi
1− λ
1 + λ
∫
s
u(x) ·Q(x,x0) · n(x)dS(x), (16)
whereG(x,x0) andQ(x,x0) are free space Green’s func-
tions for Stokes equations [40, 42].
G(x,x0) =
I
|xˆ| +
xˆxˆ
|xˆ|3 , Q(x,x0) = −6
xˆxˆxˆ
|xˆ|5 , (17)
are respectively termed as stokeslet and stresslet. The
resultant non-hydrodynamic traction acting at the inter-
face, ∆f = −(fel + Ca fE + f b), is responsible for the
deformation of the capsule.
From the known interfacial velocity, u(x) at t, the de-
formation of the capsule to a new shape at t+ ∆t can be
calculated through the kinematic condition
x(t+ ∆t) = x(t) + kfu(x)∆t, (18)
where kf is the kinematic factor and ∆t is the step size
of time used in boundary integral calculations. The kine-
matic factor depends upon the scaling of the variables.
B. Analytical theory
A standard asymptotic expansion in the small param-
eter, the capillary number, is carried out assuming the
deformations to be proportional to the capillary num-
ber [51], the details of which are provided in appendix A.
IV. Results
TABLE I: Associated time scales and their reciprocals at
different conductivity ratios for Cm = 50 and r = 1
σr tE,i tMW tcap t
−1
MW t
−1
cap
0.1 10 1.43 525 0.7 0.0019
0.3 3.33 1.30 191.66 0.77 0.0052
0.4 2.5 1.25 150 0.8 0.0067
1 1.0 1.0 75 1.0 0.0133
10 0.1 0.25 30 4.0 0.0333
The typical time scales associated with this prob-
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FIG. 2: Time-averaged degree of deformation at
Ca = 0.01 as a function of frequency considering r = 1,
Gm = 0 and Cm = 50. For σr = 0.1, boundary integral
and analytical results are shown by (− · −), and (−−)
curves, respectively and for σr = 10, boundary integral
and analytical results are shown by (· · −) and (−−)
curves, respectively. Marker points© represent t−1cap and
4 represent t−1MW for the corresponding curves.
lem are charge relaxation time of the external fluid
medium (t˜E = e0/σe), hydrodynamic response time
(t˜H = µea/Es), capacitor charging time (t˜cap =
aCm[1/σi + 1/2σe]) and the Maxwell-Wagner relaxation
time (t˜MW = 0[i + 2e]/[σi + 2σe]). We scale time
by t˜E and restrict our calculations to the hydrodynamic
timescale equal to charge relaxation time of the external
fluid medium i.e t˜H = t˜E . Therefore, the nondimen-
sional time scales are tE = t˜E/t˜E = 1, tH = t˜H/t˜E = 1,
tcap = t˜cap/t˜E = Cˆm(1/2 + 1/σr) and tMW = t˜MW /t˜E =
(2+ r)/(2+σr). The charge relaxation time of the inter-
nal fluid is tE,i = tE(r/σr). Unless specified, the non-
dimensional membrane properties are Cˆm = 50, Gˆm = 0,
and the ratio of dielectric constants r = 1. At different
conductivity ratios, all the associated time scales are re-
ported in table I. Due to the selection of scaling param-
eters, the kinematic factor is the inverse of the hydrody-
namic timescale, i.e., kf = 1/tH . In this analysis, tH is
considered to be unity such that the hydrodynamic re-
sponse is instantaneous to the changes in electric field.
Figure 3 shows the variation of the maximum trans-
membrane potential (φm at the poles) with frequency for
the case of σr = 10, 1, and 0.1. The expression for the φm
is provided in eq. (A10) which reduces to Schwan equa-
tion [45] when tE = e0/σe and tE,i = i0/σe  tcap.
From the figure, it can be observed that at very low fre-
quency, φm is independent of the conductivity ratio and
is equal to that of a capsule in DC electric field, which
is due to complete charging of a membrane at low fre-
quencies. At very high frequencies, a membrane remains
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FIG. 3: Maximum value of transmembrane potential as
a function of frequency considering r = 1, Gm = 0 and
Cm = 50 for σr = 0.1 (− · −), σr = 1 (−−) and σr = 10
(−−). Marker points© represent t−1cap and 4 represent
t−1MW for the corresponding curves. Vertical line (· · ·) at
ω = 1 represents t−1E .
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FIG. 4: Time-averaged degree of deformation of a
capsule as a function of conductivity ratio at Ca = 0.01
(− · −), Ca = 0.05 (−−) and Ca = 0.1 (−−)
considering ω = 0.1, r = 1, Cm = 50 and Gm = 0.
completely uncharged, and thereby φm attains a small
value given by
φm,r =
3r
2Cˆm + r(2 + Cˆm)
. (19)
The partial charging of a membrane at the intermediate
frequencies leads to frequency dependent φm which in-
creases with σr. Therefore, a strong dependence of the
deformation on the conductivity ratio is expected.
As a measure of deformation of the capsule, the Tay-
6FIG. 5: Phase diagram of time-periodic breathing of a
capsule at Ca = 0.1 considering r = 1, Gm = 0 and
Cm = 50 representing prolate-prolate breathing (P-P),
prolate-sphere breathing (P-S), prolate-oblate breathing
(P-O), oblate-sphere breathing (O-S), oblate-oblate
breathing (O-O), and undeformed sphere (S) zones of
the deformation. Continuous curves are numerically
obtained boundaries whereas dashed curves are
analytically obtained boundaries separating zones of
different modes of breathing. Shaded area towards the
lower part of the plot represents time-averaged oblate
deformation and the shaded area towards the upper
part of the plot represents time-averaged prolate
deformation.
lor deformation parameter is used, which is defined as
the degree of deformation DD = L−BL+B , where L and
B are the diameters of the capsule along the rotational
axis of symmetry and at the equator, respectively. The
degree of deformation can be decomposed into a sta-
tionary (time-averaged) and a time-periodic part DD =
DDs+DDt cos 2ωt, where the frequency doubling of the
deformation is a result of the square dependence of the
Maxwell stress on the electric field. The time-averaged
degree of deformation as a function of the frequency
of the applied electric field, obtained from boundary
integral simulation and analytical theory, is compared
in fig. 2, for σr = 10 and 0.1 at a low capillary number,
Ca = 0.01.
At very high frequencies, ω  t−1E , t−1MW , t−1cap, the elec-
trical impedance of the membrane is negligible, both the
fluids behave as dielectrics, and the transmembrane po-
tential is negligible. Therefore, the deformation is almost
negligible on account of no dielectric contrast between
the inner and the outer fluids, and a spherical geometry
is observed.
At frequencies ω > t−1cap, the impedance of the mem-
brane is still very low, and the charging of the membrane
is governed by the electrical properties of the inner and
outer fluid media. The fluids show a leaky dielectric
behavior in the bulk, such that the outer fluid exhibits
conductive behavior at frequencies lower than t−1E = 1,
whereas the inner at frequencies lower than t−1E,i. As the
frequency is lowered, the impedance of the membrane
increases and a net interfacial charge build-up starts at
a frequency t−1MW . The interface at frequency t
−1
MW is
similar to that of a liquid drop on the timescale of tMW
and admits a net free charge and tangential stress. De-
pending upon the conductivity ratio, the tangential stress
can be from poles to the equator (σr < 1) or equator
to poles (σr > 1), thereby imparting an oblate spheroid
or a prolate spheroid shapes, respectively (fig. 2). This
regime also corresponds to the maximum deformation of
the capsule.
As the frequency is further decreased, ω < t−1cap,
the membrane now becomes charged, the membrane
impedance is fairly high such that the normal electric
fields inside and outside the capsule tend to disappear,
on account of the insulating membrane. The tangen-
tial stresses, therefore, become negligible and the cap-
sule behaves like a dielectric drop in a conducting fluid.
This drop in DC field-like behavior implies that the con-
ductivity ratio does not play a role anymore and prolate
spheroids are obtained. A fairly good agreement is ob-
tained between analytical theory (valid at small capillary
numbers) and boundary integral calculations.
To verify whether the boundary of the time-averaged
prolate to oblate deformation transition is affected by
the capillary number, DDs vs. σr plot is shown for dif-
ferent capillary numbers at a given frequency (fig. 4).
For a particular frequency (in this case ω = 0.1), the
time-averaged deformation changes from oblate to pro-
late with an increase in the conductivity ratio. According
to the eq. A18, the time-averaged degree of deformation
(obtained from analytical theory at small deformation)
is proportional to the capillary number and the numer-
ator is only a function of σr for the specified r, ω, Cˆm,
therefore, the transitional σr does not change with the
capillary number.
The different modes of time-averaged deformation,
namely sphere, prolate and oblate spheroids can be plot-
ted onto a phase diagram with conductivity ratio and
frequency as the coordinates. Figure 5 is plotted with
the boundary integral simulation results conducted for
a fixed capillary number (Ca . 0.1) showing different
regions marked out for the different modes of deforma-
tion. The different regions that are marked out by color
shades in the phase diagram show different modes of
time-averaged prolate and oblate deformations, respec-
tively, whereas the white region mostly at the right half
of the phase diagram represents the undeformed sphere
region. The phase diagram is constructed assuming the
shape to be a sphere if the degree of deformation is less
than 1% of the initial spherical shape. The prolate shapes
in the phase diagram are obtained when σr > 1, due to
tensile normal electric stress at the poles. For σr < 1,
oblate shapes are seen at intermediate frequencies, that
is t−1cap < ω < t
−1
MW due to compressive normal stresses
7FIG. 6: In the limit of small capillary number (Ca = 0.1) for ω = 0.04 and σr = 0.3 (corresponding to the C-O
breathing at high capillary number) considering r = 1, Gm = 0 and Cm = 50, electric stresses (arrows at the
interface) are shown for the shapes observed during O-O breathing at t = 477, 496 and 515.
at the poles. At very high frequencies ω > t−1MW , spheri-
cal shapes are seen for all the values of σr. For σr > 1,
prolate shapes are seen for ω < t−1cap, due to compressive
normal electric stress at the equator.
Unlike the deformation of a capsule in DC fields which
show time-independent deformation, the AC fields show
time-dependent deformation which could be termed as
"breathing" between two extreme shapes. Thus the
phase diagram now exhibits different modes of breath-
ing, namely prolate-prolate (P-P), prolate-sphere (P-S),
prolate-oblate (P-O), oblate-sphere (O-S), oblate-oblate
(O-O) and an undeformed sphere (S). The boundary
integral simulation results (continuous curves) as well
as, the results obtained from analytical theory (dashed
curves) for a fixed capillary number (Ca = 0.1) are
shown in fig. 5. Numerically obtained phase boundaries
separating zones for different breathing modes agree rea-
sonably well with the analytically obtained results.
The temporal shape change of a capsule during an AC
cycle is essentially because of the variation of the applied
electric field with time. Thus, if the hydrodynamic and
electric relaxation is fast as compared to the applied fre-
quency, one can expect the behavior of a capsule in an
AC field to be similar to the deformation of a capsule in
a DC field of equivalent strength. In this limit, when the
applied field goes to zero, the deformation too should
go to zero, and only the prolate-sphere or oblate-sphere
modes are expected. These modes of deformation are in-
deed seen in fig. 5 which also shows that the P-S and O-S
modes of deformation are in agreement with the time-
averaged regions of the phase diagram. However, when
the hydrodynamic and electric relaxation timescales are
of the same order or greater than the inverse of applied
frequency, the instantaneous deformation need not be
zero even when the instantaneous field is zero. This phe-
nomena is, for example, illustrated by the P-P mode in
the phase diagram (fig. 5). Interestingly the shape can
also change between two extremes, i.e., between pro-
late and oblate shapes and correspondingly, a variety of
breathing modes can be obtained.
In general, the dynamics of a capsule in an AC field
can be mapped on to the time evolution of a capsule in
a DC field by realizing that the frequency in AC fields is
identical to the inverse of time in DC fields. However,
unique features typical of the AC fields can still be ob-
served, which is due to the reversal of the electric field.
Thus if the charge dynamics is slower than the applied
frequency, a reversal of the sign of electric field (say, neg-
ative) can be observed, while the charge distribution con-
tinues to correspond to the earlier field (i.e., positive).
This distributed charge causes a stress distribution over
the interface and thereby, the deformation, which may
not be seen in the corresponding DC fields.
Figures 6a-c show the stress distribution at the inter-
face of a capsule at σr = 0.3. At the same conductivity
ratio, fig. 7a represents the applied electric field and elec-
tric stress as a function of time and figs. 7b-h show the
change of electrical variables on the interface of the cap-
sule at different times. The compressive normal Maxwell
stress at the poles leads to an oblate deformation. The
normal electric stress at the poles is compressive on ac-
count of the higher conductivity of the external fluid
medium. However, when the shape relaxes due to a de-
crease in the instantaneous field, the charge dynamics
is such that although the applied electric field changes
sign, the transmembrane potential does not. Figures 7b,
e, f and h indicate that the φm does not change sign even
when the direction of the field is changed, e.g., nega-
tive φm is seen at north pole even when the field is in
the positive y-direction. This negative transmembrne po-
tential leads to the tangential electric field inside being
higher than that of the outside, leading to tensile normal
electric stress. Such a phenomenon is not observed in
DC field which does not switch direction. Although the
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FIG. 7: In the limit of small deformation of a capsule (Ca = 0.1) at ω = 0.04 and σr = 0.3, considering r = 1,
Gm = 0 and Cm = 50, applied electric field (−−) and the developed normal electric stress at the equator (−−) as a
function of time are shown in fig. (a), marker points show the instantaneous field for the subsequent figures. In
other figures the variation of transmembrane potential (−−), inner tangential electric field (− · −), outer tangential
electric field (−−) and normal electric stress (− · ·−) over the arc length are shown at the same conditions.
shape remains oblate leading to the O-O breathing mode
(shown in fig. 18), the stress varies from compressive
at the poles to tensile at the equator during a voltage
cycle. Thus, the deformation modes in AC fields could
have a very complex physical origin. The dynamics of
the shapes in the P-O mode (shown in fig. 19) indicates
that at low frequencies, the time-averaged oblate shape
relaxes to a prolate shape within a voltage cycle. The
stress distribution is seen to be a sensitive function of the
relative values of the membrane charging time and the
Maxwell Wagner charge relaxation time with respect to
the applied frequency (see figs. 6, figs. 20 and figs. 21).
A similar phase diagram (only the time-periodic) of
a capsule deformation is observed at the high capil-
lary number as shown in fig. 8. The small deformation
and the large deformation phase boundaries in both the
phase diagrams (fig. 5 and fig. 8) nearly overlap. The
P-P, P-O, and O-O modes have a similar physical mech-
9FIG. 8: Phase diagram of time-periodic breathing of
capsule at Ca = 0.4 considering r = 1, Gm = 0 and
Cm = 50 representing prolate-prolate breathing (P-P),
prolate-sphere breathing (P-S), prolate-oblate breathing
(P-O), oblate-oblate breathing (O-O) and undeformed
sphere (S) zones of the deformation. Cylinder-prolate
(C-P), cylinder-oblate (C-O), biconcave-prolate (B-P)
and breakup (X) zones are shown with shades. Dashed
curves are the boundaries separating zones of the phase
diagram at Ca = 0.1.
anism as in the low capillary case. The large deforma-
tions encountered in these modes are shown in figures
figs. 17 to 19 in the appendix. However, a significant de-
viation is observed in the range of 10−3 . ω . 0.5×10−1
and 0.1 . σr . 0.6. In this range of the frequency and
conductivity ratio, new modes of complex breathing are
observed, namely cylinder-prolate (C-P), cylinder-oblate
(C-O), and biconcave-prolate (B-P).
Figures 9a-d show the shapes observed in cylindrical-
prolate (C-P) breathing mode in a single time-period.
The shapes shown correspond to the measured deforma-
tion at the marker points on the curve in fig. 9e and the
corresponding instantaneous electric fields are shown by
marker points on the curve in fig. 9f. Figures 10a-c show
the hydrodynamic flow, variation of electric and elastic
stresses at the interface, for the shapes in figs. 9a-c, re-
spectively. The shape in fig. 9a is oblate since the outer
medium is more conductive and t−1cap < ω = 0.02 <
t−1MW . A tensile azimuthal elastic tension at the equa-
tor (characteristic of an oblate shape) develops (inset
of fig. 10a). The electric stresses are compressive at the
poles (fig. 10a) assisting the formation of oblate shapes.
The flow from the equator to the poles (in fig. 10a)
shows a tendency of the capsule to return to a relaxed
shape (fig. 9b). The high electric stress at the poles due
to a highly nonlinear shape along with the compressive
electric stress at the equator (fig. 10b) assist the forma-
tion of cylindrical shape (fig. 9b) while admitting an al-
most spherical shape (not shown here) at an intermedi-
ate time. The cylindrical shape is thus a manifestation of
the high capillary number and corresponding interplay
of high Maxwell stress and nonlinearity in shape (see
figs. 10 and figs. 20). Towards the end of the cycle, the
capsule assumes a prolate shape (fig. 9c) which is due
to the developed Maxwell stress of a completely charged
capacitor, the compressive normal electric stress with a
maximum at the equator (fig. 10c). The elastic tensions
are accordingly generated, with the azimuthal tension
becoming negative at the equator (inset of fig. 10c). A
tendency to attain oblate shape is then seen (fig. 9d) as
the field reverses and the membrane discharges to attain
an electrostatic solution commensurate with the applied
field.
For a slightly lower conductivity and a higher fre-
quency (as compared to fig. 9), observed shapes during
the deformation are shown in figs. 11a-d. The corre-
sponding degree of deformation and the instantaneous
applied electric fields are shown by the marker points
on curves in fig. 11e and f. A capsule attains cylinder-
oblate spheroid (C-O) breathing mode at σr = 0.3 and
ω = 0.04. Figures 12a-c show the state of electric stress,
streamline, flow and elastic tensions (in insets) corre-
sponding to figs. 11a-c, respectively. In this case, on
account of relatively higher frequency (higher than the
inverse of the membrane charging time) and lower con-
ductivity ratio (compared to the C-P breathing), the cap-
sule never relaxes to a sphere or a prolate shape. Only
oblate shapes are admitted with flow from the equa-
tor to poles (figs. 12a and b) assisting the relaxation
through the cylindrical shape (fig. 11b) to the oblate
shape (fig. 11c). Pronounced tensile normal electric
stresses are seen at the equator (fig. 12c) (a mechanism
similar to that discussed in the low capillary limit, see
figs. 6) that are responsible for the oblate shapes result-
ing in cylinder-oblate transition.
At much lower frequency though, a biconcave-prolate
(B-P) breathing mode is observed (figs. 13a-d). The bi-
concave shape (fig. 13a) is the result of increased com-
pressive Maxwell stress at the poles (fig. 14a), owing to
higher conductivity contrast. Since the frequency is low,
a relaxation to prolate shape is seen at the end of the cy-
cle (fig. 13c) via an intermediate oblate shape (fig. 13b).
This B-P breathing of capsule deformation is not ob-
served at low capillary number as the electric stresses
at the poles are insufficient (see figs. 21).
In this range of frequency (5 × 10−3 . ω . 2 × 10−2)
and at very low conductivity ratios, on account of greater
charging of the membrane (the capsule acts more like
a leaky dielectric drop), a highly compressive normal
Maxwell stresses develop at the poles (e.g., fig. 15a).
When the elastic tractions can not balance the developed
electric stress at the pole, a capsule breaks up through
the merging of poles. This breakup zone is marked with
X in the phase diagram (fig. 8). Figure 15a confirms
that within the valid range of numerical calculation,
the developed elastic tensions at the pole just before
breakup are very high (inset of fig. 15a). It should be
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FIG. 9: Cylinder-prolate (C-P) breathing of a capsule (a-d) at Ca = 0.4 for ω = 0.02 and σr = 0.4 considering r = 1,
Gm = 0 and Cm = 50. Shapes are corresponding to the marker points on the curves in (e) representing degree of
deformation and in (f) representing applied electric field as the functions of time.
FIG. 10: Electric stress (shown by arrows at the interface), streamlines (shown only at right half) and velocity profile
(shown only at left half, magnitude represents the relative extent of flow) for the shapes shown in fig. 9(a-c),
respectively. The variation of meridional, Ts (− · −), azimuthal, Tφ (−−) and mean, Tm (−−) elastic tensions as a
function of arc length are shown in insets.
noted that when the collocation points at poles come
very close (closer than the element size used for the
computation), the numerical computation is no more
valid. Therefore, the shape observed in fig. 15b is
actually a numerical artifact.
The modes of deformation of an elastic capsule with
conducting membrane (Gˆm = 10) in AC electric field for
Ca = 0.4 is represented in fig. 16, keeping other param-
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FIG. 11: Cylinder-oblate (C-O) breathing of a capsule (a-d) at Ca = 0.4 for ω = 0.04 and σr = 0.3 considering r = 1,
Gm = 0 and Cm = 50. Shapes are corresponding to the marker points on the curves in (e) representing degree of
deformation and in (f) representing applied electric field as the functions of time.
FIG. 12: Electric stress (shown by arrows at the interface), streamlines (shown only at right half) and velocity profile
(shown only at left half, magnitude represents the relative extent of flow) for the shapes shown in fig. 11(a-c),
respectively. The variation of meridional, Ts (− · −), azimuthal, Tφ (−−) and mean, Tm (−−) elastic tensions as a
function of arc length are shown in insets.
eters unchanged, i.e r = 1 and Cˆm = 50. In this case, a
capsule does not exhibit any complex breathing mode in
an AC field for the range of frequency 10−3 ≤ ω ≤ 102
and conductivity ratio 0.1 ≤ σr ≤ 10. The P-P, P-S, O-S
and O-O breathing modes are observed at low frequen-
cies, but P-O breathing is not observed for this type of
capsule. The high conductivity of the membrane in this
case results in a capsule behaving like a leaky dielectric
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FIG. 13: Biconcave-prolate (B-P) breathing of a capsule (a-d) at Ca = 0.4 for ω = 0.002 and σr = 0.1 considering
r = 1, Gm = 0 and Cm = 50. Shapes are corresponding to the marker points on the curves in (e) representing
degree of deformation and in (f) representing applied electric field as the functions of time.
FIG. 14: Electric stress (shown by arrows at the interface), streamlines (shown only at right half) and velocity profile
(shown only at left half, magnitude represents the relative extent of flow) for the shapes shown in fig. 13(a-c),
respectively. The variation of meridional, Ts (− · −), azimuthal, Tφ (−−) and mean, Tm (−−) elastic tensions as a
function of arc length are shown in insets.
drop in a leaky dielectric medium. Thus, cylindrical or
biconcave shapes are not observed since the stress re-
mains highly compressive only at the poles, lacking any
contribution from the equator.
V. Conclusions
A phase diagram is constructed using boundary
integral method and analytical theory at a low capillary
number. It is found that the time-averaged deformation
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FIG. 15: Breakup of an elastic capsule at Ca = 0.4 for
ω = 0.02 and σr = 0.1 considering r = 1, Gm = 0 and
Cm = 50. (a) Electric stress (shown by arrows at the
interface), streamlines (shown only at right half) and
velocity profile (shown only at left half, magnitude
represents the relative extent of flow) for the shape at
the onset of break up (coordinates are assigned for the
shape of the capsule). The variation of meridional, Ts
(− · −), azimuthal, Tφ (−−) and mean, Tm (−−) elastic
tensions as a function of arc length are shown in insets.
(b) Shape obtained from the numerical simulation just
before the failure of the boundary integral code
suggesting the breakup of the capsule through the
merging of poles.
depends upon the frequency of the applied electric
field and its value relative to the t−1MW and t
−1
cap. The
time-periodic deformation shows breathing modes
characterized as P-P, P-O, and O-O at a low capillary
number. A high capillary number causes further bi-
furcation to highly nonlinear C-P, C-O, and B-P modes
of deformation, attributed to strong coupling between
charge density and electrostatics.
The proposed experiments to observe the theoretical
results presented in this work could be on a thin Oval-
bumin or human serum albumin (HSA) capsules of ra-
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FIG. 16: Phase diagram of time-periodic breathing of
capsule at Ca = 0.4 considering r = 1, Gm = 10 and
Cm = 50 representing prolate-prolate breathing (P-P),
prolate-sphere breathing (P-S), oblate-sphere breathing
(O-S), oblate-oblate breathing (O-O) and undeformed
sphere (S) zones of deformation.
dius a ' 500 µm with elasticity Es ' 0.1 N/m [8],
in an external fluid medium with conductivity σe '
0.1 mS/m. In these experimental conditions, the typi-
cal field strength E0 < 5 kV/cm and the frequencies in
the range of [100 Hz − 10 MHz] should show the phe-
nomenon described in this work.
This work is the simplest system that can demonstrate
a strong shape-electrostatic-elastic-hydrodynamic cou-
pling, which is important in electrohydrodynamics of
soft matter. Findings of this work can form the basis
for understanding large electro-elasto-hydrodynamics
of more complicated soft matter systems, such as RBC,
which will be the project for future communication.
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A. Analytical theory for electrohydrodynamic
deformation of a capsule in the limit of small
deformation
To seek an analytical solution in the small deforma-
tion limit, a spherical coordinate system is considered
(r, θ, φ), where r is the radial measurement from the cen-
ter, θ is the measurement of meridional angle and φ is the
measurement of azimuthal angle. In the axisymmetric
analysis, assuming θ = 0 as the axis of symmetry, varia-
tions of quantities are independent of azimuthal angle.
The nondimensional potential due to the applied elec-
tric field in spherical coordinate system is expressed by
φ∞ = − cos(ωt)r cos θ (A1)
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which can be written as
φ¯∞ = −1
2
(
ejωt + e−jωt
)
r cos θ. (A2)
Henceforth, a variable x¯ is represented as a function of x
and its conjugate x∗ as
x¯ =
1
2
(xejωt + xe−jωt). (A3)
Potential for the interior and exterior of the capsule sat-
isfy the Laplace’s equation,
1
r2
r2
∂φi,e
∂r
∂r
+
1
r2 sin θ
∂
(
sin θ
∂φi,e
∂θ
)
∂θ
= 0 (A4)
where
φ¯i,e =
1
2
[
φi,ee
jωt + φ∗i,ee
−jωt] (A5)
Internal and external potentials are expressed by spheri-
cal harmonics,
φe = φ
∞ +
A1
r2
P1(cos θ) (A6)
φi = A2rP1(cos θ), (A7)
where, A1 and A2 are arbitrary constants, and P1(cos θ)
is the first order Legendre polynomial of cos θ. Trans-
membrane potential is defined as
φm = φamp cos(θ) = φi − φe (A8)
Current continuity in the normal direction is given by
σrEn,i + r
dEn,i
dt
= En,e +
dEn,e
dt
= Cˆm
dφm
dt
+ Gˆmφm
(A9)
Coefficients A1, A2 and the transmembrane potential,
φm, can be obtained from the solutions of eq. (A6)
and eq. (A7) using the definition of transmembrane po-
tential (eq. (A8)) and the current continuity (eq. (A9)).
The solution for the transmembrane potential of a spher-
ical capsule with a nonconducting membrane is obtained
as
φm = 3 cos θ
2(1 + ω2)(ω22r + σ
2
r) + ω
2[r{2 + ω2(2 + r)) + σ2r}Cˆm] cos(ωt) + ω{σr(2 + σr) + ω2(2r + 2σr)}Cˆm sin(ωt)
4σ2r + ω
2{4(2r + σ2r) + 4(2r + σ2r)Cˆm + (2 + σr)2Cˆ2m}+ ω4{2Cˆm + r(2 + Cˆm)}2
,
(A10)
with a phase lag
α = − arctan
[
ω(σr(2 + σr) + ω
2(2r + 2σr))Cˆm
2(1 + ω2)(ω22r + σ
2
r) + ω
2[r{2 + ω2(2 + r)}+ σ2r ]Cˆm
]
.
(A11)
Electric fields in r and θ directions at the interface are
determined as
Er,i = −∂φi
∂r
(A12a)
Eθ,i = −1
r
∂φi
∂θ
(A12b)
Er,e = −∂φe
∂r
(A12c)
Eθ,e = −1
r
∂φE
∂θ
. (A12d)
The Maxwell electric stress tensor is given by T˜E =
(E˜E˜− 12 E˜2I), where E˜2 is the inner product of the field,
and I is the identity tensor. The normal and tangential
components of the electric traction can be obtained by
f˜r = n · T˜E · n = 1
2
0(E˜
2
r − E˜2θ ) (A13a)
f˜θ = t · T˜E · n = 0E˜rE˜θ (A13b)
such that f˜E = f˜rer + f˜θeθ is the total electric traction
acting at the interface. For an undeformed sphere, nor-
mal vector n = er and the tangent vector t = eθ. Using
eqs. A12 with the eq. (A5), dimensionless tractions can
be expressed as
f¯r =
1
8
[
2EreE
∗
re − 2EθeE∗θe + (E2re − E2θe)e2jωt + (E∗re − E∗θe)e−2jωt
]
−r
8
[
2EriE
∗
ri − 2EθiE∗θi + (E2ri − E2θi)e2jωt + (E∗ri − E∗θi)e−2jωt
]
(A14a)
f¯θ =
1
4
[
(EreE
∗
θe + E
∗
reEθe) + (EreEθee
2jωt + E∗reE
∗
θee
−2jωt)
]
−r
4
[
(EriE
∗
θi + E
∗
riEθi) + (EriEθie
2jωt + E∗riE
∗
θie
−2jωt)
]
. (A14b)
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Tractions can also be expressed as
fr = frs +
1
2
[
frte
2jωt + f∗rte
−2jωt] (A15a)
fθ = fθs +
1
2
[
fθte
2jωt + f∗θte
−2jωt] , (A15b)
where subscripts s and t represent time-averaged and
time-periodic parts. Time-averaged electric tractions are
obtained as
frs =
1
4
[EreE
∗
re − EθeE∗θe]−
r
4
[EriE
∗
ri − EθiE∗θi], (A16a)
fθs =
1
4
[EreE
∗
θe + E
∗
reEθe]−
r
4
[EriE
∗
θi + E
∗
riEθi] (A16b)
and time-periodic electric tractions are
frt =
1
4
[
(E2re − E2θe)− r(E2ri − E2θi)
]
, (A17a)
fθt =
1
2
[EreEθe − rEriEθi] , (A17b)
where frs, fθs are real and frt, fθt are complex quanti-
ties.
Calculation of elastic traction, hydrodynamics formu-
lation, and solution procedure are followed as reported
in our earlier article [51]. In general, the expressions for
the degree of deformation as a function of frequency and
capillary number are very complex. For a nonconduct-
ing (Gm = 0) membrane, the time-averaged degree of
deformation is obtained as
DDs =
9
32
Ca
(
5(2r + σ
2
r) + 2Cˆm(5r + 3σ
2
r) + Cˆ
2
m{5− 16r + σr(6 + 5σr)}
)
ω2
4σ2r + (4(Cˆm + r)
2 + 4Cˆ2mσr + (2 + Cˆm)
2σ2r)ω
2 + (2r + Cˆm(2 + r))2ω4
, (A18)
and the time-periodic degree of deformation for a special case considering Gm = 0, Cm = 50, r = 1 is obtained as
DDt =
45Ca
32
[
σ2r + 6σr
(
17 + 11σr
)
jω +
{
5399− σr(3732 + 2869σr)
}
ω2 − 2
{
σr(12319 + 5152σr)− 16167
}
jω3
+
(
36008σr − 33731
)
ω4 + 704jω5
]/[{
35ω(10ω − 3j)− 4
}{
(51 + 76jω)ω + σr(26ω − j)
}2]
. (A19)
The deformation of an elastic capsule, in the limit of small deformation, can be obtained from
DD = DDs +
[
DDte
2jωt +DD∗t e
−2jωt
2
]
, (A20)
where DD∗t is the complex conjugate of DDt.
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B. Supplementary information
The prolate-prolate breathing (P-P) of an elastic cap-
sule at ω = 0.1 and σr = 5, is shown in figs. 17a and
b. The degrees of deformation of the shapes shown in
figs. 17a and b are shown with the marker points on the
curve in fig. 17c and the corresponding instantaneous ap-
plied electric field is shown in fig. 17d. This example of
P-P breathing is corresponding to the zone presented in
the high capillary number phase diagram in fig. 8.
Similar to the case of P-P breathing, a capsule with
the σr in the O-O zone, experience oblate-oblate breath-
ing in AC electric field. As an example, the shapes at
the minima and maxima of the electric stress in the O-
O breathing at Ca = 0.4 for ω = 0.4 and σr = 0.1 are
shown in figs. 18a and b. The degree of deformation of
these shapes are shown by the marker points on the de-
formation curve (fig. 18b) and the corresponding instan-
taneous electric fields are shown by the marker points on
the curve in fig. 18c.
At very low frequency and conductivity ratio of O-O
zone, (for an example, at Ca = 0.4 for ω = 0.01 and
0.8) the extreme shapes in P-O breathing are shown in
figs. 19a and b which are corresponding to the deforma-
tions, shown by the marker point on the curve in fig. 19c
and the corresponding instantaneous electric fields are
shown by marker points on the curve in (fig. 19)d.
At a small capillary number (Ca = 0.1) the distribu-
tion of electric stress at the interface for ω = 0.02 and
σr = 0.4 is shown in fig. 20 undergoing O-S breathing
and the same is shown for ω = 0.002 and σr = 0.1
in fig. 21 representing P-O breathing of a capsule. Fig-
ures 20 and 21 are shown at the combinations of ω and
σr which are corresponding to the C-P and B-P breathing
modes, respectively, at a high capillary number.
FIG. 17: P-P breathing of a capsule at Ca = 0.4 for
ω = 0.1 and σr = 5, considering r = 1, Gm = 0 and
Cm = 50. Shapes are corresponding to the marker
points on the curves in (c) representing the degree of
deformation and in (d) representing applied electric
field as the functions of time.
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FIG. 18: O-O breathing of a capsule at Ca = 0.4 for
ω = 0.4 and σr = 0.1, considering r = 1, Gm = 0 and
Cm = 50. Shapes are corresponding to the marker
points on the curves in (c) representing the degree of
deformation and in (d) representing applied electric
field as the functions of time.
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FIG. 19: P-O breathing of a capsule at Ca = 0.4 for
ω = 0.01 and σr = 0.8, considering r = 1, Gm = 0 and
Cm = 50. Shapes are corresponding to the marker
points on the curves in (c) representing the degree of
deformation and in (d) representing applied electric
field as the functions of time.
FIG. 20: In the limit of small capillary number (Ca = 0.1) for ω = 0.02 and σr = 0.4 (corresponding to the C-P
breathing at high capillary number) considering r = 1, Gm = 0 and Cm = 50, the electric stresses (arrows at the
interface) are shown for the shapes observed during O-S breathing.
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FIG. 21: In the limit of small capillary number (Ca = 0.1) for ω = 0.002 and σr = 0.1 (corresponding to the B-P
breathing at high capillary number) considering r = 1, Gm = 0 and Cm = 50, the electric stresses (arrows at the
interface) are shown for the shapes observed during P-O breathing.
